The spatial-temporal evolution of coherent structures (CS) is significant for turbulence control and drag reduction. Among the CS, low and high speed streak structures show typical burst phenomena. The analysis was based on a time series of three-dimensional and three-component (3D-3C) velocity fields of the flat plate turbulent boundary layer (TBL) measured by a Tomographic and Time-resolved PIV (Tomo TRPIV) system. Using multi-resolution wavelet transform and conditional sampling method, we extracted the intrinsic topologies and found that the streak structures appear in bar-like patterns. Furthermore, we seized locations and velocity information of transient CS, and then calculated the propagation velocity of CS based on spatial-temporal cross-correlation scanning. This laid a foundation for further studies on relevant dynamics properties.
Introduction
It is generally accepted that coherent structures (CS) are multi-scale quasi-ordered fluctuating structures [1-4] in a spatial-temporal self-organizing mechanism [5, 6] . They play a key role in turbulent boundary layer (TBL) . No matter in the inner or the outer regions of TBL, there exist CS in the most intensive mode [7] . The CS in log law region have been observed in hot wire anemometry (HWA) measurement combined with flow visualization [8] and in two dimensional PIV (2D-PIV) experiments [9] . Low and high speed streak structures are basic CS inducing intensive intermittent events like sweep and ejection [6, 10, 11] (corresponding to the second and the forth quadrants in the stream-wise and wall-normal fluctuating velocity phase plane, namely Q2 and Q4), and are closely linked to the production, maintenance, evolution and development of hairpin-like eddies and other structures [12] . All of the structures mentioned above have significant impacts on physical characteristics like friction drag, heat transfer rate and so on, and on the mechanism of mass transportation, momentum exchange and energy cascade in TBL [13] .
The Tomo TRPIV is a non-contact, full-field and quantitative measurement [14] that inherits the features of 2D-PIV and TRPIV. It has advantages over flow visualization, HWA and laser doppler anemometry (LDA). In addition to the high time-resolution [15] , it is more suited to study the spatial-temporal evolution of CS. At present, there are mainly Tomo TRPIV experimental studies in TBL that can gain statistical properties from 3D-3C velocity fields, directly reflecting evolution of TBL flow by autocorrelation of velocity vectors and conditional sampling the turbulent signals based on Q2 or Q4 events [16] [17] [18] . Although some direct numerical simulation work has introduced new methods and models [19, 20] , those Tomo TRPIV experimental studies on dynamic space-time evolution of CS that takes the multi-scale nature of turbulence into account are still limited in number.
In this paper, based on 3D-3C velocity fields, we used multi-resolution wavelet decomposition and improved conditional sampling method aiming at burst events [6, 10, 18] to discuss the statistical properties of coherent structures dependent on the distance from wall. Then we applied the spatial phase average method [17] and extracted the bar-like intrinsic topologies of streak structures. Finally, the spatialtemporal cross-correlation scanning at fluctuating velocity fields with intrinsic topology as the template helped us seize the location and velocity information of the transient CS. This provided a method to calculate the propagation velocity of CS and laid a foundation for further studies on relevant dynamics properties like deformation. The studies on statistics properties and dynamic spatial-temporal evolution of CS, especially the migrating features, would enrich the Hierarchical Structure Theory, premise the turbulent models conforming to multi-scale and make the turbulence prediction and control by CS feasible [21, 22] .
Experimental setup and flow field validation
The experiments were conducted in a water tunnel with the temperature kept constant. The TBL flow was developing along a flat acrylic glass plate mounted vertically in the water tunnel. A spanwise attached zig-zag band on elliptic leading edge of the plate could accelerate the transition of boundary layer, meanwhile, nearly zero pressure gradient was achieved by adjusting flap on trailing edge of the plate. The light was scattered by polyamide seeding particles with 56 µm mean diameter.
The experimental apparatus set-up is shown in Fig. 1 with the absolute object space coordinate system O 1 XYZ and relative coordinate system O 2 xyz. O 1 XYZ is located in physical space with O 1 at leading edge of the plate, while O 2 xyz is located in 3D particle image space. X & x are in the streamwise direction, Y & y are in the spanwise direction, and Z & z are in the wall-normal direction. Both the coordinate systems follow the right-hand rule.
The basic statistical properties of the flow field were firstly tested by the low-repetition rate and high-resolution two component PIV (2C-PIV), and its spanwise center was at X = 2 090 mm downstream the leading edge. The flow field is a fully developed TBL with zero pressure gradient, which is confirmed by the standard logarithm-law mean velocity profile in Fig. 2 . The other results are listed in Table 1. In the second step, a high-repetition rate Tomo TR-PIV system was applied. The measurement system had 5 CMOS cameras posed in the form of Scheimpflug with another CMOS aligned with its optical axis normal to the mean flow. It reconstructed the 3D particle light intensity distributions by means of the multiplicative algebraic reconstruction technique (MART) tomographic algorithm specialized for Tomo PIV [23] . The system contained a volume selfcalibration link which is necessary for improving reconstruction performance [24] and reducing the ghost particles before measurement. Then local 3D cross-correlations with an iterative multi-grid volume deformation scheme were adopted to analyze the particle image. A series of 1 023 instantaneous 3D-3C velocity volumes for approximate 2 s with each time step of 2 ms increment was obtained, and there were totally 92 × 99 × 22 (x × y × z) measurement points located every 0.687 mm (dx = dy = dz = 0.687 mm = 15 WU, WU is the nondimensional wall unit obtained with the friction velocity u τ and the kinematic viscosity coefficient υ in all directions in space. More details about experimental equipments, image shoot and process such as the functional parameter of the laser device and CMOS cameras, the overlap rate and moving step length of the interrogation volume can be found in the paper [17] . 
